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Abstract

:

The aim of this study was the performance evaluation of anaerobic digestion of dairy wastewater in a multi-section horizontal flow reactor (HFAR) equipped with microwave and ultrasonic generators to stimulate biochemical processes. The effects of increasing organic loading rate (OLR) ranging from 1.0 g chemical oxygen demand (COD)/L·d to 4.0 g COD/L·d on treatment performance, biogas production, and percentage of methane yield were determined. The highest organic compounds removals (about 85% as COD and total organic carbon—TOC) were obtained at OLR of 1.0–2.0 g COD/L·d. The highest biogas yield of 0.33 ± 0.03 L/g COD removed and methane content in biogas of 68.1 ± 5.8% were recorded at OLR of 1.0 g COD/L·d, while at OLR of 2.0 g COD/L·d it was 0.31 ± 0.02 L/COD removed and 66.3 ± 5.7%, respectively. Increasing of the OLR led to a reduction in biogas productivity as well as a decrease in methane content in biogas. The best technological effects were recorded in series with an operating mode of ultrasonic generators of 2 min work/28 min break. More intensive sonication reduced the efficiency of anaerobic digestion of dairy wastewater as well as biogas production. A low nutrient removal efficiency was observed in all tested series of the experiment, which ranged from 2.04 ± 0.38 to 4.59 ± 0.68% for phosphorus and from 9.67 ± 3.36 to 20.36 ± 0.32% for nitrogen. The effects obtained in the study (referring to the efficiency of wastewater treatment, biogas production, as well as to the results of economic analysis) proved that the HFAR can be competitive to existing industrial technologies for food wastewater treatment.
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1. Introduction


Bioenergy production from waste substrates supports the circular economy [1] and contributes to improvement of economic and ecological indicators [2]. Anaerobic digestion (AD) is an effective method for biogas production from wastewater with high concentration organic compounds, e.g., from meat industry, the fruit and vegetable sector, the sugar industry, and dairy processing [3]. Currently, many different constructions and solutions of anaerobic bioreactors are used in wastewater treatment systems. The commonly used reactors types are UASB (Upflow Anaerobic Sludge Blanket) ones with biomass in the form of granules and EGSB (Expanded Granular Sludge Bed) ones as a variant of UASB reactor. Their disadvantages are the long start-up period (lasting from 3 to 5 months) and the necessity to pre-treat wastewater with high fat and suspensions concentrations [4]. Frequently used reactors are CSTRs (Continuous-flow Stirred Tank Reactors) with suspended biomass. The operational problems of CSTRs result from the flotation of biomass in settling tanks and its washing out from the reaction chamber. The low concentration of biomass determines the reactors’ operation at relatively low OLRs [5]. Other reactors are anaerobic biological beds (ABBR—Anaerobic Biological Bed Reactors) characterized by long start-up period due to the prolonged formation of anaerobic biological membrane and large dimensions. However, a risk of clogging the filter spaces often takes place [6]. In turn, Anaerobic Fluidized Biological Bed (AFBB) reactors are very energy-consuming as a result of intensive wastewater recirculation [7]. In hybrid reactors, the advantages of individual anaerobic reactors are combined [8]. The problems and limitations of anaerobic reactors encourage a search for improvements to make them more effective and economic [9]. According to the literature, AD can be effectively intensified by physical factors, including microwave radiation (MR), ultrasound (US), constant magnetic field (CMF), as well as electromagnetic field (EM) [10].



Considering previous studies, MR and US have been demonstrated as the promising technologies enhancing AD [11]. MR can be used as an alternative heating method for anaerobic reactors [12]. Advantages of technologies based on MR include high heating effectiveness, fast heat transfer, selective and uniform heating performance, short reaction time, easy operation, increasing the speed of biochemical reactions, and low formation of hazardous products [13]. Moreover, MR produces non-thermal effects, which means a number of phenomena that appear in heated bodies, and whose presence or intensity cannot be explained only by heating alone. In AD, these phenomena are the acceleration of enzymatic reactions, as well as the formation of specific anaerobic bacterial communities [14]. Many literature data presents numerous technologies assisted by US [15]. Ultrasonic irradiation has been successfully used in ammonia recovery from wastewater [16], in increasing biodegradation of organic pollutants [17], in disinfecting water [18], in supporting the membrane filtration process [19] and in preparing sewage sludge before fermentation or dewatering [20]. US generates monolithic cavitation by passage of ultrasonic waves through the liquid medium, which results in various physical and chemical changes in liquid solutions [21]. Thus, US can be used for degassing of anaerobic sludge and removing the gaseous products from the reaction chamber. Using of the small and carefully selected doses of ultrasonic energy may allow to break down the compact structure of anaerobic flocs and granules, which finally enhance the biogas discharge from anaerobic reactors.



Ultrasound application in wastewater treatment technology aiming at the intensification of biogas and methane production has been confirmed in preliminary research as well as by other researchers [22,23]. However, recent studies have not specified clearly the parameters of sonication process for achieving the highest efficiency of wastewater treatment and biogas production with high methane content. Moreover, laboratory tests often do not provide reliable data to design and operate installations on an industrial scale. Thus, there is a need to study a pilot-scale or semi-technical scale installations.



The purpose of the study was to determine the efficiency of dairy wastewater treatment and the biogas production in the multi-section horizontal flow anaerobic reactor (HFAR) equipped with MR and US devices.




2. Materials and Methods


2.1. Research Station


The experiments were carried out in the multi-section horizontal flow anaerobic reactor (HFAR), (Figure 1). The internal axis of reactor was a shaft rotating at 1 rpm, to which the stirring rods were attached. The reaction chamber was divided with perforated partitions into the four sections.



The HFAR design parameters were as follows: total length—4.0 m, total diameter—0.3 m, total cross-sectional area—0.070 m2, working cross-sectional area—0.063 m2, height of filling—0.25 m, total volume—0.28 m3, working volume—0.25 m3.



The reactor was heated using microwave generators (GM), (Plasmatronics) with magnetrons (Figure 2a). There was a possibility of smooth regulation from 0 to 800 W. This type of magnetrons is commonly used in microwave heating techniques due to their high performance, low price, and small dimensions. Electricity was converted into microwave energy with a conversion efficiency of 52% at 2.45 GHz. The positive effects of microwaves on biological processes with using magnetrons has also been confirmed in other studies [24]. A microprocessor integrated with temperature detectors controlled the temperature inside each section of the HFAR. The temperature was maintained at 38 °C, and when it dropped below, the microwave generators automatically started. Their work was finished when the defined temperature inside the reactor was achieved.



The ultrasonic generators (GU) used in the study were installed at each section of the HFAR (Figure 2b). Sections were equipped with a package of the four ultrasonic transducers with a frequency of 20 kHz and a power of 95 W. Each GU was integrated with a control panel to control its work. In the upper part of HFAR, in all sections, there were ports for substrate supplementation, sludge, and biogas collection, as well as the temperature and pH measurement, which created the possibility of wastewater dosing to the various sections of HFAR, anaerobic sludge recirculation, and biogas analyzing. The biogas was collected in the sealed containers. The dairy wastewater was dosed by pumps to the first section of reactor. The digestate was collected in the thickener with working volume of 3.0 m3. The sludge from the bottom of the thickener was recycled and then mixed with the raw wastewater. Effluent was discharged outside the technological system.




2.2. Concept of Experimental Design


The study was divided into four stages differing in OLR applied: stage 1—OLR of 1.0 g COD/L d, stage 2—2.0 g COD/L d, stage 3—3.0 g COD/L d, stage 4—4.0 g COD/L d. Each stage of the experiment was additionally divided into the four series differing in the sonication time regimes. In series 1, AD was carried out without the use of ultrasounds. In series 2, the operating mode of ultrasonic generators was 10 min work/20 min break, while in series 3 and 4, it was respectively 5 min work/25 min break and 2 min work/28 min break. A constant processing temperature of 38 ± 1 °C was maintained. The hydraulic retention time (HRT) was 24 h. Each series of the experiment lasted 30 days, which allowed for 30-fold exchange of the reactors content.




2.3. Materials


The wastewater used for AD originated from the retention tank of a dairy processing plant and was diluted with tap water to achieve the required OLRs. The characteristics of wastewater used in each stage of the experiment is shown in Table 1.



Anaerobic sludge from an anaerobic reactor treating the dairy wastewater and exploited on a technical scale was used as inoculum in the study. The concentration of inoculum in HFAR was 44 g total solids (TS)/L. The characteristics of the anaerobic inoculum used in the study is presented in Table 2.




2.4. Analytical Methods and Statistical Procedures


The influent and effluent were analyzed once a day for COD, total phosphorus (TP), total nitrogen (TN) using the cuvette tests for spectrophotometer DR 2800 with mineralizer (HACH Lange, Düsseldorf, Germany), VSS according to the gravimetric method (part E of EPA Standard Method 2540), TOC with the use of TOC 1200 analyzer (Thermo Scientific, Waltham, USA). The analyzer determined the content of TC in the sample by combustion and then in the same sample determined the IC content in infrared analytical cycle. The organic carbon content in the sample was calculated by subtracting the TC value and IC value. The pH was determined by using the pH-meter VWR 1000 L.



The biomass yield was determined as the ratio of the amount of biomass produced to the amount of COD removed. The biomass production was determined as the change in biomass concentration in the reactor and the biomass concentration in the effluent. In order to determine the concentration of biomass in the whole reactor, samples were taken from each reactor section and then the measured concentrations were averaged. The biomass yield was estimated as follows (1):


   Y  Pb   =    VSS ′  − VSS   C −  C e     



(1)




where: VSS’—sum of the concentration of VSS in the reactor and VSS in the effluent in the next day (g/L); VSS—sum of the concentration of VSS in the reactor and VSS in the effluent in the current day (g/L); C—the concentration of COD in the influent (g/L); Ce—the concentration of COD in the effluent (g/L).



Throughout the experiment, the amount of biogas was monitored by biogas meters installed at each reactor’s section. The composition of biogas produced at each section of reactor was measured every 24 h using a gastight syringe (20 mL injection volume) and a gas chromatograph (GC, 7890A Agilent) equipped with a thermal conductivity detector (TCD). The GC was fitted with the two Hayesep Q columns (80/100 mesh), two molecular sieve columns (60/80 mesh), and Porapak Q column (80/100) operating at a temperature of 70 °C. The temperature of the injection and detector ports were 150 °C and 250 °C, respectively. Helium and argon were used as the carrier gases at a flow of 15 mL/min. Additionally, biogas was analyzed by the GMF 430 Gas Data analyzer. The content of methane (CH4), and carbon dioxide (CO2) were measured.



The results were processed statistically with the Statictica 13.1 PL package (StatSoft, Inc., Tulsa, OK, USA). The hypothesis on the distribution of each analyzed variable was verified based on the W Shapiro–Wilk’s test. One way analysis of variance (ANOVA) was conducted to determine the significance of differences between the variables. The homogeneity of variance in groups was tested with Levene’s test, whereas Tukey’s RIR test was used to determine the significance of differences between the analyzed variables. In all tests, differences were considered significant at p = 0.05.





3. Results and Discussion


3.1. Organic Compounds and Nutrient Removal


The application of increasing OLRs to anaerobic reactor directly influences the reduction of its performance. In the study, the highest COD and TOC removal efficiencies higher than 85% were found at OLR of 2.0 g COD/L·d (Table 3). Comparable effects were obtained at OLR of 1.0 g COD/L·d. Further increase in OLR caused a deterioration in wastewater treatment efficiency. The lowest removal efficiencies of COD and TOC were recorded in stage 4 at OLR of 4.0 g COD/L·d (Table 3).



In the study, the most effective operating mode of GU was 2 min work/28 min break. Generally, the application of GU enhanced COD and TOC removal in all experimental stages in series 3 and 4. However, the highest efficiencies of removal were noted at OLR ranging from 1 g COD/L·d to 2 g COD/L·d (Table 3, Figure 3). The operating mode of the ultrasonic generators of 10 min work/20 min break was too long to enhance biological processes. Thus, in series 2 of all stages of the experiment, the efficiencies of organic compounds removal were lower than that in the control sample (Table 3, Figure 3).



Regardless of the experimental series, low efficiencies of nitrogen and phosphorus removal were obtained (Table 3). The highest efficiency of TN removal was found in series 4 of stage 2 and it was 20.36 ± 0.62% (52.0 ± 4.1 mg/L in the effluent), while the lowest of 9.67 ± 3.36% was obtained in series 2 of the stage 2 (56.5 ± 4.5 mg/L in the effluent) (Table 3, Figure 3). However, the highest efficiency of TP removal of 4.59 ± 0.68% (107.2 ± 7.2 mg/L in the effluent) was recorded in series 4 of stage 3. The lowest efficiency of TP removal was noted in series 2 of stage 2, and it was as low as 2.04 ± 0.38% (77.2 ± 5.8 mg/L in the effluent) (Table 3, Figure 3). Other authors also confirm low nutrient removal in anaerobic conditions, which is limited to the nutrient demand for biomass growth [25,26].



The effectiveness of dairy wastewater treatment in anaerobic conditions was also analyzed by other researchers [27]. After two years of experiments, they obtained a reduction of about 90% in COD content, exploiting an anaerobic filter at OLR of 5–6 g COD/L∙d. Moreover, the effect of the HRT from 20 d at the beginning of the study to 3.33 d at the end was also analyzed. Shortening the HRT did not decrease the efficiency of organic compounds’ removal, indicating a steady-state of reactor. Other authors also found high efficiency of organic compounds removal, up to 98% from whey using anaerobic filters [28]. At HRT of 142 days and OLR of 9.8 g COD/L∙d, high treatment efficiency in mesophilic conditions was obtained. While testing a wide range of OLRs from 7.9 to 45.42 g COD/L∙d, the removal efficiency of organic compounds from whey was as high as 98% [29].



Anaerobic reactors are often used for treating wastewater from dairy processing because of its high content of easily degradable organic compounds [30]. However, the efficiency of anaerobic wastewater treatment is a result of many factors, including reactor design, process temperature, and wastewater composition. For example, the treatment of textile wastewater by using an UASB reactor allowed to achieve COD removal efficiency of 9% to 51% [31]. The treatment of starch wastewater resulted in a reduction of COD in the range of 77% to 93% [32]. Other studies examined the effects of OLRs (0.82 and 6.11 g COD/L∙d) and HRT ranging from 4.1 d to 1.7 d on UASB reactor performance using wastewater with a COD concentration of 10 g/L [33]. In mesophilic conditions, the COD removal efficiency varied from 90% to 97%. The obtained results are similar to those with anaerobic trickling filters. At OLR of 4.45 g COD/L∙d and HRT of 2.64 d, removal efficiency of COD was 81% [34]. The OLR during anaerobic degradation of acid whey ranged from 1.6 to 12.8 g COD/L∙d. The efficiency depended on the OLR. The highest COD removal rate was observed at the lowest OLR applied (about 100%) and at maximum OLR, COD removal efficiency was 68% [35].




3.2. Biogas Yield and Its Composition


The lowest biogas production was observed in stage 1 at OLR of 1.0 g COD/L∙d, ranging from 48.18 ± 4.5 L/d in series 2 to 70.25 ± 6.1 L/d in series 4 (Figure 4). The biogas yield in these series was from 0.29 ± 0.02 L/g COD removed and 0.86 ± 0.11 L/g TOC removed to 0.33 ± 0.03 L/g COD removed and 0.95 ± 0.12 L/g TOC removed (Table 4). Taking into account the amount of biogas produced per gram of COD or TOC removed, this stage of experiment was the most advantageous. In this stage, the highest methane content in biogas ranged from 63.4 ± 5.2% in series 1 to 68.1 ± 5.8% in series 4 was achieved (Figure 4).



In stage 2, the lowest biogas production was obtained in series 2 and it was 87.61 ± 7.4 L/d (0.25 ± 0.02 L/g COD removed, 0.66 ± 0.10 L/g TOC removed), and methane content in biogas reached 62.3 ± 5.5% (Figure 4, Table 4). In turn, the highest biogas production of 130.25 ± 12.5 L/d and the methane content of 66.3 ± 5.7% were noted in series 4 (Figure 4). The biogas yield was 0.31 ± 0.02 L/g COD removed and 0.87 ± 0.12 L/g TOC removed (Table 4). In stage 3, the lowest biogas production of 91.52 ± 7.9 L/d (0.20 ± 0.01 L/g COD removed, 0.58 ± 0.08 L/g TOC removed) and methane content of 49.7 ± 5.5% were obtained in series 2 (Figure 4, Table 4). In turn, the highest biogas production (187.74 ± 18.4 L/d, 0.30 ± 0.02 L/g COD removed, 0.86 ± 0.07 L/g TOC removed) and methane content (55.2 ± 5.8%) were noted in series 4 (Figure 4, Table 4). In stage 4, the lowest and the highest biogas production was as 80.17 ± 9.5 L/d (0.15 ± 0.01 L/g COD removed, 0.40 ± 0.05 L/g TOC removed) and 187.57 ± 19.1 L/d (0.24 ± 0.01 L/g COD removed, 0.68 ± 0.08 L/g TOC removed), respectively, while the methane content in biogas ranged from 30.2 ± 4.5% to 46.9 ± 4.8% (Figure 5, Table 4).



It has been proven that sudden changes in temperatures significantly affect methanogenesis [36]. In this study, microwave heating was used as a method to create a stable thermal condition for anaerobic reactors [37]. While analyzing the effects of MR on biological processes, a positive impact on methanogenesis process was indicated [38]. Banik et al. (2003) studied the exposition of Methanosarcina barkeri DS-804 to microwave radiation of frequencies ranging from 13.5 to 36.5 for 2 h. Then the samples were incubated for 20 days. Radiated bacterial culture showed an increase in colony numbers and cell size. The biogas composition varied depending on the frequency of the radiation used. Maximum methane concentration in biogas was 76.5% at 31.5 GHz. In comparison to unirradiated setup, it was only 52.3%. Growth curves for both irradiated and unirradiated cultures were typical for the initial phase, the growth phase, as well as the stationary and decline phases. However, in irradiated culture, the growth phase was much faster. The results indicate that microwave radiation may induce specific metabolic activity of microorganisms to enhance their growth rate [38].



Parker et al. (1996) studied the effects of microwaves on the activity of a hydrated lipase enzyme. The enzyme was suspended in a solvent that was also the reactant. Then, the solution was heated to 50 °C by microwaves (2.45 GHz) and, for comparisation, conventionally. It was found that the rate of enzymatic reaction of irradiated enzyme increased up to 2–3 times in relation to conventional heating. However, other enzymes, such as lymphocytic protein kinases or phosphatases were inhibited by microwaves [39]. Other researchers found the increase of stability of immobilized enzymes in the microwave field [40,41]. According to the literature, the exposure of biomass to microwave radiation increased its solubilization and disrupted the network of exopolysaccharides, thus enhancing its subsequent anaerobic digestion [42]. Microwave pretreatment of waste activated sludge at frequency of 2.45 GHz increased the release of extracellular and intracellular biopolymers from the cells [43]. As a result, microwaved sludge produced more biogas in anaerobic digestion than conventionally pretreated sludge.



In the study, it was found that the main factor affecting biogas yield and composition was OLR. However, ultrasonication was also an important factor. There was a very strong relationship between biogas and methane production and the removal of organic compounds from dairy wastewater (Figure 5). Other authors [22] investigated the possibility of ultrasonic pretreatment for improving biogas production from olive mill wastewater. They found that using a low-frequency US enhanced both biogas production by about 20% and methane content in biogas. In other studies [23], US was used to support methane production from raw molasses wastewater; 441.6 L CH4/kg VS was obtained. The results demonstrated that US may be a suitable solution for treating this kind of wastewater. Low-frequency US pre-treatment significantly improved (by 40%) biogas and methane production from landfill leachate in anaerobic batch reactors [44]. In turn, other authors found that US enhanced biogas and methane production from the same wastewater only by 7% and 4%, respectively [45]. According to the literature, the application of ultrasound pretreatment had a positive effect on biogas yield from confectionery wastewater [46].



Ultrasounds have positive effects on biological processes and, on the other hand, they are often used to disrupt and inhibit microorganisms (e.g., in sludge stabilization and hygienization) [47,48]. An important issue is therefore to point appropriate ultrasound performance parameters. In the study, in series 2, the sonication process was in mode of 10 min work/20 min break, while in series 4, it was 2 min work/28 min break. The results revealed that 10 min of sonication was too long to enhance biological processes. The negative effects were probably related to partial cell destruction. Disintegration of the cells in various bacterial communities was also confirmed by other researchers [45]. The highest enhancement in biogas and methane production was reported in sonication time regime of 5 min work/25 min break and 2 min work/25 min break (Figure 5, Table 4). Ultrasounds improved the removal of gaseous products outside the reaction medium, and did not have a destructive effect on anaerobic microflora.



The results also confirmed the significant impact of the OLR value on the yields of biogas and methane production. Increase in OLR decreased biogas production per gram of COD and TOC removed and also influenced the reduction of methane content in biogas. This can be explained by volatile fatty acids (VFAs) accumulation in the reaction medium at high OLRs [49]. High VFAs concentrations caused a decrease in pH, resulting in inhibition of methanogens. Thus, the reduction in biogas and methane production were observed [50].




3.3. Biomass Growth


In the study, the highest biomass yield was recorded in stages 3 and 4, and it varied from 0.123 ± 0.01 g/g COD removed in series 2 of both stages to 0.1558 ± 0.01 g/g COD removed in series 1 of stage 4 and 0.1476 ± 0.01 g/g COD removed series 1 of stage 3 (Figure 6). A smaller increase in biomass growth yield was found at lower OLR values in stages 1 and 2. In stage 1, the biomass yield coefficient ranged from 0.0984 ± 0.01 g/g COD removed in series 2 to 0.1230 ± 0.01 g/g COD removed in series 1 of stage 1 (Figure 6). In stage 2, these values were similar and ranged from 0.1066 ± 0.01 g/g COD removed to 0.1312 ± 0.01 g/g COD removed in the same series (Figure 6). During the study, there were no significant differences in the biomass growth yield coefficients observed in the individual stages and series of experiment. Even in series 2, in which the biomass yields were the lowest, the differences were not significant (Figure 6).



Anaerobic digestion is characterized by low biomass production (less excess sludge), which is 3 to 20 times lower than in aerobic treatment systems. Under anaerobic conditions, the yield of biomass per gram of COD removed is from 0.02 to 0.15 g/g, whereas in aerobic conditions, it was from 0.5 to 0.7 g/g [51].




3.4. Energy Balance


The energy balance of experimental series has been made to determine the amount of energy consumed for biogas production and for organic compound (as COD) removal. It can also be used to assess the whole technological and economic effectiveness of the presented technology. The reactor presented in the study corresponds to TRL 5 (Technology Readiness Level), which means that the technology was validated in a relevant environment. The basic equipment is integrated with the real supporting elements and the technology has been tested under simulated operating conditions. Thus, the estimated energy consumption can still be significantly optimized. The basic energy balance of wastewater treatment in HFAR was presented in Table 5.



The most favourable energy balance was noted in series 4, stage 3 (2 min sonification/28 min break. ORL 3.0 g COD/L·d). In this variant of the experiment, daily energy demand was 1.676 kWh/d (Table 5). The most energy-efficient variant without sonication was in series 1, stage 2, but energy consumption was higher (1.942 kWh/day). The least energy-efficient variant (−2.708 kWh/day) was at ORL of 4.0 g COD/L·d and the sonication regime of 10 min sonification/20 min break (Table 5). It was found that a unit energy consumption per unit of COD removed decreased, while OLR was increasing. In all stages of the experiment, the lowest unit energy expenditure requirement was observed in series 4 and ranged from 2.357 kWh/kg COD removed (ORL of 4.0 g COD/L·d) to 10.336 kWh/kg COD removed (ORL of 1.0 g COD/L·d).



In conclusion, the presented technology is competitive to other wastewater treatment solutions. Ozay et al. (2018) recorded a unit energy consumption of 7.80 kWh/kg COD removed [52]. Energy expenditure in the process of electrochemical wastewater treatment from the leather industry was 9.88 kWh/kg COD removed [53]. In studies on degradation of pyrrole in wastewater, the energy demand was 7.7 kWh/kg COD removed [54]. Ribera-Pi et al. (2018) operated a single-stage anaerobic membrane bioreactor (AnMBR) for dairy wastewater treatment and the unit energy consumption (kWh) per unit of COD removed (kg) was 2.4 [55]. Masłoń (2017) determined energy consumption for wastewater treatment plants ranging from 0.528 kWh/kg COD removed for plants with Imhoff tanks to 2.297 kWh/kg COD removed in SBR-type plants [56]. Generally, electric energy consumption in facilities below 2000 RLM was as 3.01 kWh/kg COD removed, while with size of RLM = 2000 ÷ 10.000, it was lower by half (1.54 kWh/kg COD removed) [57].





4. Conclusions


It was found that OLRs had the greatest impact on the effects of anaerobic digestion of dairy wastewater in terms of organic compound removal and biogas and methane yields. The highest efficiency of COD and TOC removal of 85.13 ± 1.05% and 85.62 ± 1.04%, respectively, was found at OLR of 2.0 g COD/L·d. The lowest organic compounds removals of 52.75 ± 0.42% as COD and 52.75 ± 0.42% as TOC were noted at OLR of 4.0 g COD/L·d.



The highest biogas yield of 0.33 ± 0.03 L/g COD removed and 0.95 ± 0.12 L/g TOC removed, and the methane content in biogas of 68.1 ± 5.8% were noted at OLR of 1.0 g COD/L·d. Comparable biogas production of 0.31 ± 0.02 L/g COD removed and 0.87 ± 0.12 L/g TOC removed (66.3 ± 5.7% of methane in biogas) was achieved at OLR of 2.0 g COD/L·d. Increase in OLR reduced biogas productivity and methane content in biogas. The lowest methane content was noted at OLR of 4.0 g COD/L·d and it ranged from 30.2 ± 4.5% to 46.9 ± 4.8% depending on the experimental series.



The study showed a significant impact of ultrasonication on the effects of anaerobic digestion of dairy wastewater. The highest technological effects were recorded with sonification mode of 2 min work/28 min break. Increase in ultrasonic intensity significantly reduced the efficiency of organic compounds’ removal from wastewater, as well as biogas yield.



Regardless of the experimental series, low nutrient removal efficiency was observed. The total phosphorus removal ranged from 2.04 ± 0.38 to 4.59 ± 0.68%, while the total nitrogen removal varied from 9.67 ± 3.36 to 20.36 ± 0.32%. The differences in biomass growth yield coefficients were not significant during the study and ranged from 0.12 ± 0.01 g/g COD removed to 0.19 ± 0.01 g/g COD removed.



The effects obtained in the study (referring to the efficiency of wastewater treatment, biogas production, as well as to the results of economic analysis) proved that an innovative multi-section horizontal flow reactor can be competitive to existing industrial technologies of food wastewater treatment.
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Figure 1. Horizontal flow anaerobic reactor (HFAR) (a) schematic diagram, (b) photo. 1—influent; 2—effluent; 3—sludge recirculation; 4—mixing blade; 5—thermal insulation; 6—membrane module; 7—gas meter; 8—digestate; 9—gearmotor; 10—sampling port; GM—microwave generator; GU—ultrasonic generator. 
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Figure 2. Reactor equipment (a) microwave generator, (b) ultrasound generator. 






Figure 2. Reactor equipment (a) microwave generator, (b) ultrasound generator.



[image: Energies 13 02392 g002]







[image: Energies 13 02392 g003 550] 





Figure 3. Concentrations of analyzed parameters in the effluent (a) COD, (b) TOC, (c) TN and (d) TP. 
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Figure 4. (a) Daily biogas production and (b) biogas composition depending on experimental stages and series. 
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Figure 5. The relationship between biogas and methane production and organic compounds’ removal (a) as COD, (b) as TOC. 
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Figure 6. Biomass growth yield coefficients (y) experimental stages. 
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Table 1. Characteristics of dairy wastewater used in the experiment.
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Stage

	
Parameter




	
COD (mg/L)

	
TOC (mg/L)

	
TP (mg/L)

	
TN (mg/L)

	
pH






	
Raw Wastewater

	
5138.4 ± 53.8

	
1780.9 ± 17.3

	
190.1 ± 7.2

	
164.3 ± 6.7

	
9.06 ± 0.24




	
1

	
1029 ± 20.5

	
347.3 ± 15.7

	
46.2 ± 4.7

	
39.1 ± 4.5

	
7.13 ± 0.25




	
2

	
2014 ± 40.4

	
703.2 ± 18.2

	
79.3 ± 5.8

	
65.3 ± 5.7

	
7.19 ± 0.22




	
3

	
3092 ± 50.2

	
1027.1 ± 20.1

	
112.4 ± 6.7

	
107.5 ± 6.4

	
7.09 ± 0.24




	
4

	
4046 ± 60.4

	
1402.3 ± 22.5

	
149.7 ± 7.9

	
129.4 ± 7.8

	
7.13 ± 0.21











[image: Table] 





Table 2. Characteristics of the anaerobic inoculum used in the study.
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	Parameter
	Unit
	Mean





	Hydration
	(%)
	95.6 ± 1.3



	Specific resistance to filtration
	(m/kg)
	1.768 × 1015 ± 1.631 × 1014



	Capillary suction time
	(s)
	1072 ± 175



	Total solids
	(g/L)
	44.3 ± 4.9



	Mineral solids
	(g/L)
	19.0 ± 1.3



	Volatile solids
	(g/L)
	25.3 ± 3.6



	Filtrate COD
	(mg/L)
	624.9 ± 84.0



	Orthophosphates in filtrate
	(mg P-PO4/L)
	105.6 ± 24.0



	TN in filtrate
	(mg TN/L)
	163.8 ± 17.5



	AN in filtrate
	(mg N-NH4/L)
	144.2 ± 25.3



	pH
	-
	7.75 ± 0.16
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Table 3. The efficiency of organic compounds and nutrient removal from dairy wastewater.
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Stage

	
Series

	
Removal Efficiency (%)

	
Load Removal (g/d)




	
COD

	
TOC

	
TN

	
TP

	
COD

	
TOC

	
TN

	
TP






	
1

	
1

	
73.26 ± 1.63

	
69.51 ± 1.77

	
13.46 ± 3.20

	
2.84 ± 0.33

	
183.15 ± 18.25

	
60.35 ± 7.13

	
1.32 ± 0.11

	
0.33 ± 0.05




	
2

	
65.78 ± 1.71

	
64.38 ± 1.35

	
9.67 ± 3.36

	
2.04 ± 0.38

	
164.45 ± 14.54

	
55.90 ± 6.41

	
0.95 ± 0.12

	
0.24 ± 0.06




	
3

	
80.93 ± 1.26

	
78.66 ± 1.42

	
13.88 ± 4.07

	
2.93 ± 0.27

	
202.33 ± 21.22

	
68.30 ± 6.62

	
1.36 ± 0.23

	
0.34 ± 0.05




	
4

	
84.64 ± 1.73

	
84.94 ± 0.56

	
14.52 ± 2.86

	
3.06 ± 0.11

	
211.60 ± 20.05

	
73.75 ± 6.81

	
1.42 ± 0.24

	
0.35 ± 0.07




	
2

	
1

	
78.18 ± 1.09

	
80.22 ± 1.51

	
18.69 ± 0.61

	
3.72 ± 0.37

	
390.88 ± 25.11

	
141.03 ± 8.91

	
3.05 ± 0.61

	
0.74 ± 0.12




	
2

	
69.26 ± 1.52

	
76.00 ± 1.22

	
13.46 ± 0.61

	
2.68 ± 0.18

	
346.28 ± 23.24

	
133.60 ± 8.44

	
2.20 ± 0.53

	
0.53 ± 0.08




	
3

	
82.15 ± 0.92

	
83.18 ± 1.29

	
18.42 ± 0.07

	
3.67 ± 0.13

	
410.73 ± 25.13

	
146.23 ± 9.02

	
3.01 ± 0.60

	
0.73 ± 0.13




	
4

	
85.13 ± 1.05

	
85.62 ± 1.04

	
20.36 ± 0.62

	
4.05 ± 0.04

	
425.65 ± 24.21

	
150.53 ± 9.92

	
3.32 ± 0.63

	
0.80 ± 0.15




	
3

	
1

	
66.93 ± 0.80

	
68.69 ± 0.76

	
16.44 ± 0.40

	
3.86 ± 1.14

	
501.95 ± 21.81

	
176.38 ± 10.11

	
4.42 ± 0.70

	
1.08 ± 0.21




	
2

	
61.94 ± 0.85

	
61.33 ± 0.67

	
12.68 ± 0.01

	
2.98 ± 1.01

	
464.55 ± 16.44

	
157.48 ± 10.21

	
3.41 ± 0.62

	
0.84 ± 0.18




	
3

	
75.73 ± 0.84

	
77.33 ± 0.76

	
16.53 ± 0.14

	
3.88 ± 0.97

	
567.98 ± 19.23

	
198.58 ± 11.04

	
4.44 ± 0.71

	
1.09 ± 0.22




	
4

	
84.28 ± 0.74

	
84.70 ± 0.82

	
19.55 ± 0.66

	
4.59 ± 0.68

	
632.13 ± 24.31

	
217.50 ± 12.03

	
5.25 ± 0.82

	
1.29 ± 0.25




	
4

	
1

	
63.84 ± 0.55

	
66.31 ± 0.56

	
17.92 ± 0.22

	
3.57 ± 0.81

	
638.43 ± 26.42

	
232.48 ± 12.64

	
5.80 ± 0.80

	
1.33 ± 0.31




	
2

	
52.75 ± 0.42

	
56.98 ± 0.48

	
11.69 ± 0.28

	
2.33 ± 0.75

	
527.45 ± 25.24

	
199.75 ± 10.61

	
3.78 ± 0.63

	
0.87 ± 0.18




	
3

	
68.15 ± 0.53

	
72.70 ± 0.33

	
18.12 ± 0.01

	
3.61 ± 0.75

	
681.53 ± 23.64

	
254.88 ± 13.92

	
5.86 ± 0.81

	
1.35 ± 0.40




	
4

	
77.19 ± 0.43

	
78.17 ± 0.36

	
19.38 ± 0.15

	
3.86 ± 0.51

	
771.90 ± 23.53

	
274.05 ± 14.63

	
6.27 ± 0.73

	
1.44 ± 0.35
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Table 4. Biogas yield obtained in experimental series.
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Stage

	
Series

	
Biogas Yield




	
L/g COD Added

	
L/g COD Removed

	
L/g TOC Added

	
L/g TOC Removed






	
1

	
1

	
0.21 ± 0.01

	
0.29 ± 0.02

	
0.61 ± 0.07

	
0.88 ± 0.12




	
2

	
0.19 ± 0.01

	
0.29 ± 0.02

	
0.55 ± 0.08

	
0.86 ± 0.11




	
3

	
0.26 ± 0.01

	
0.32 ± 0.02

	
0.74 ± 0.06

	
0.94 ± 0.13




	
4

	
0.28 ± 0.02

	
0.33 ± 0.03

	
0.81 ± 0.09

	
0.95 ± 0.12




	
2

	
1

	
0.21 ± 0.01

	
0.27 ± 0.03

	
0.61 ± 0.04

	
0.76 ± 0.11




	
2

	
0.18 ± 0.01

	
0.25 ± 0.02

	
0.50 ± 0.05

	
0.66 ± 0.10




	
3

	
0.24 ± 0.01

	
0.29 ± 0.02

	
0.68 ± 0.07

	
0.82 ± 0.11




	
4

	
0.26 ± 0.02

	
0.31 ± 0.02

	
0.74 ± 0.11

	
0.87 ± 0.12




	
3

	
1

	
0.15 ± 0.01

	
0.22 ± 0.01

	
0.43 ± 0.06

	
0.63 ± 0.09




	
2

	
0.12 ± 0.01

	
0.20 ± 0.01

	
0.36 ± 0.04

	
0.58 ± 0.08




	
3

	
0.20 ± 0.01

	
0.27 ± 0.01

	
0.59 ± 0.05

	
0.76 ± 0.08




	
4

	
0.25 ± 0.02

	
0.30 ± 0.02

	
0.73 ± 0.07

	
0.86 ± 0.07




	
4

	
1

	
0.11 ± 0.01

	
0.18 ± 0.01

	
0.32 ± 0.04

	
0.49 ± 0.06




	
2

	
0.08 ± 0.01

	
0.15 ± 0.01

	
0.23 ± 0.03

	
0.40 ± 0.05




	
3

	
0.15 ± 0.01

	
0.22 ± 0.01

	
0.43 ± 0.04

	
0.59 ± 0.06




	
4

	
0.19 ± 0.01

	
0.24 ± 0.01

	
0.54 ± 0.04

	
0.68 ± 0.08
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Table 5. Energy balance of wastewater treatment in HFAR.
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Stage

	
Series

	
Ultrasounds (kWh/d)

	
Mixing (kWh/d)

	
Microwave Heating (kWh/d)

	
Total Energy Demand (kWh/d)

	
Daily Biogas Production (L/d)

	
CH4 Concentration (%)

	
Daily CH4 Production (L/d)

	
Energetic Value of CH4 (kWh/L)

	
Total Energy Production (kWh/d)

	
Energy Balance (kWh/d)

	
Load of COD Removed (kg/d)

	
kwh/kg COD Removed






	
1

	
1

	
0

	
1.4

	
1.15

	
2.55

	
53.30

	
63.4

	
33.8

	
0.00917

	
0.310

	
−2.240

	
0.183

	
12.230




	
2

	
0.38

	
2.93

	
48.18

	
64.6

	
31.1

	
0.285

	
−2.645

	
0.164

	
16.084




	
3

	
0.19

	
2.74

	
64.34

	
64.3

	
41.4

	
0.379

	
−2.361

	
0.202

	
11.669




	
4

	
0.076

	
2.626

	
70.25

	
68.1

	
47.8

	
0.439

	
−2.187

	
0.211

	
10.336




	
2

	
1

	
0

	
1.4

	
1.15

	
2.55

	
107.10

	
61.9

	
66.3

	
0.608

	
−1.942

	
0.391

	
4.968




	
2

	
0.38

	
2.93

	
87.61

	
62.3

	
54.6

	
0.500

	
−2.430

	
0.346

	
7.017




	
3

	
0.19

	
2.74

	
119.52

	
65.1

	
77.8

	
0.714

	
−2.026

	
0.411

	
4.933




	
4

	
0.076

	
2.626

	
130.25

	
66.3

	
86.4

	
0.792

	
−1.834

	
0.423

	
4.309




	
3

	
1

	
0

	
1.4

	
1.15

	
2.55

	
111.43

	
51.6

	
57.5

	
0.527

	
−2.023

	
0.502

	
4.030




	
2

	
0.38

	
2.93

	
91.52

	
49.7

	
45.5

	
0.417

	
−2.513

	
0.464

	
5.410




	
3

	
0.19

	
2.74

	
150.51

	
53.6

	
80.7

	
0.740

	
−2.000

	
0.568

	
3.521




	
4

	
0.076

	
2.626

	
187.74

	
55.2

	
103.6

	
0.950

	
−1.676

	
0.632

	
2.651




	
4

	
1

	
0

	
1.4

	
1.15

	
2.55

	
113.64

	
31.9

	
36.3

	
0.332

	
−2.218

	
0.638

	
3.474




	
2

	
0.38

	
2.93

	
80.17

	
30.2

	
24.2

	
0.222

	
−2.708

	
0.527

	
5.134




	
3

	
0.19

	
2.74

	
149.25

	
43.1

	
64.3

	
0.590

	
−2.150

	
0.681

	
3.155




	
4

	
0.076

	
2.626

	
187.57

	
46.9

	
88.0

	
0.807

	
−1.819

	
0.772

	
2.357












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  energies-13-02392


  
    		
      energies-13-02392
    


  




  





media/file2.png





media/file5.jpg
WRawsewage mSeries

4500
000
3500
3000
2500
2000
150
100
00
0

oD (mg 1)

1490
120

N (mg/L)

@Series2 OSeries3 OSeriesd

1500
1350
1200
1050
00
750
&0
50
30
150
o

TOC (mg/1)

160
140
120

ol
20

T (mgl)
253






media/file3.jpg





media/file1.jpg
: SO

® ® T
@ [






media/file7.jpg
2
i
v

V777

210

g888s
(p/7) seBoig

Stage

Stage

@

(b)

@Series 1 BSeries2 OSeries3 OSeries 4 OCH4 8C02





media/file10.png
Biogas (L/d)
Methane (L/d)

Biogas (L/d)
Methane (L/d)

200
180
160
140

S —
N = O 0 © DN
o o O o o o O

200
180
160

e S )
N R O e O N
o o o & & & o© o

=0.086x -27.60  R*=0.956

"""""""""" R2=0924
100 200 300 400 500 600 700 800
COD (g/d)
(a)
& ®
y =0.357x - 211.0
T y=0628x-2478 »
y=0315x-2240 & &  _Z i """""
+---RE=0,997 - T e Y T
B 22 A W A 2 5 o I I 1 .
=0.216x - 154.6
1 g/f: 0.235x -22.35Y ~UEOXT L e Rz=0.929
B R2=0988 .. _- R2=0994 &
50 100 150 200 250 300
TOC (g/d)
(b)

# Stage 1 M Stage? A Stage3 @ Stage 4

Biogas —— Methane





media/file12.png
y (g/g COD removed)

0.17

0.16

0.15

0.14

0.13

0.12

0.11

0.10

0.09

0.08

1 2 3 4

O Stagel DOStage2 AStage3 O Stage4





media/file9.jpg
Biogas (Lid)
Mthane (L)

Biogas (LK)
Methane (L)

EEE 8

c2sze3E

con )

@
m

= {03 3iia

10 R-0576

0 VG 3iTE

m Re-0399

0

Yeozucs
Ris0984 02161346

2 Remoses . K120

I
]
\
\
|
f
=
|
I

s w0 10 20 =0 m
10 gia)

()
Siagel mStage aSuge3 @Staged —— Biogas ——Methane





media/file0.png





media/file8.png
v e
Vo

s

mﬁhﬁﬁ#

R

%
e

Stage

Stage

(a)

(b)

mSeries | DSeries2 OSeries3 OSeries4 0OCH4 CO2





media/file11.jpg
¥ (g/g COD removed)

017
016
015
o1
013
012
ot
010
009
008 +

oStagel OStage2 aStage3 OStage4





media/file6.png
COD (mg /L)

B Rawsewage MBSeriesl [OSeries2 OSeries3 [OSeriesd

e
141 N
015100 JE IR R
610]0]( JES IR ER—-—
2500 f-nmmmmmmmneemeeeo-
2000 +----n--m--g-----
1500 +----------J- - R |-

1000 tgm------- R .
500 -/ . .

TN (mg/L)

1500
1350
1200
1050
900
750
600
450
300
150
0

TOC (mg/L)

160
140
120
100

80

TP (mg/L)

60
40
20






